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Co-nonsolvency of PNiPAM at the transition between solvation
mechanisms
I. Bischofberger∗∗, D. C. E. Calzolari and V. Trappe∗
We investigate the co-nonsolvency of poly-N-isopropyl acrylamide (PNiPAM) in different water/alcohol mixtures and show that
this phenomenon is due to two distinct solvation contributions governing the phase behavior of PNiPAM in the water-rich and
alcohol-rich regime respectively. While hydrophobic hydration is the predominant contribution governing the phase behavior
of PNiPAM in the water-rich regime, the mixing contributions governing the phase behavior of classical polymer solutions
determine the phase behavior of PNiPAM in the alcohol-rich regime. This is evidenced by distinct scaling relations denoting the
energetic state of the aqueous medium as a key parameter for the phase behavior of PNiPAM in the water-rich regime, while
the volume fractions of respectively water, alcohol and PNiPAM become relevant parameters in the alcohol-rich regime. Adding
alcohol to water decreases the energetics of the aqueous medium, which gradually suppresses hydrophobic hydration, while
adding water to alcohol decreases the solvent quality. Consequently, PNiPAM is insoluble in the intermediate range of solvent
composition, where neither hydrophobic hydration nor the mixing contributions prevail. This accounts for the co-nonsolvency
phenomenon observed for PNiPAM in water/alcohol mixtures.
1 Introduction
Co-nonsolvency is a rather rare phenomenon, where a poly-
mer perfectly soluble in two different solvents becomes insol-
uble in mixtures of both.1 As a well-known example let us
consider solutions of poly-N-isopropyl acrylamide (PNiPAM)
in water/methanol mixtures.2,3 At a fixed temperature of
T = 20 ◦C PNiPAM readily dissolves in both pure water and
pure methanol, forming optically transparent solutions. How-
ever, mixing these solutions at certain proportions leads to the
formation of precipitated phases, which is evidenced by the
appearance of turbidity.2–4 This impressive phenomenon is il-
lustrated in the upper panel of Fig. 1, where we show a se-
ries of images taken for PNiPAM solutions in water/methanol
mixtures with varying methanol molar fractionXMeOH. In the
range of 0.13<XMeOH < 0.4 PNiPAM is insoluble, while for
XMeOH < 0.13 and XMeOH > 0.4 PNiPAM is soluble.
In direct correlation to the observed re-entrance from a one-
phase to a two-phase to a one-phase system PNiPAM exhibits
a re-entrant coil-to-globule-to-coil transition as a function of
solvent composition; this is sketched in the lower panel of Fig.
1, where we report the development of the PNiPAM dimen-
sions as a function of XMeOH at T = 20 ◦C adapted from the
data obtained by Zhang and Wu.5 In the range of solvent com-
positions, where we observe the appearance of precipitated
phases, the PNiPAM chain exhibits a drastic conformational
change from a fully swollen coil at low X to a globular state
at intermediate X to again a fully swollen coil at high X .
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Different approaches have been proposed to account for the
coil-to-globule-to-coil transition and the re-entrant phase be-
havior. Although such behavior has been observed for several
mixtures of water and organic solvents4,6,7 most of the work is
focused on the description of the phase behavior of PNiPAM
in water/methanol mixtures.2,5,8–14 These approaches can be
divided in two basic classes. In the first class, co-nonsolvency
is considered to be the result of competitive adsorption.8,9,11,15
Both water and methanol are thought to interact with PNiPAM
by direct hydrogen bonds forming segments that are composed
of either of the two solvents, these segments being separated
by solvent free regions. At the solvent composition where the
competition for such cooperative hydration is largest the sol-
vent coverage of PNiPAM decreases drastically, resulting in
the observed solubility gap. By contrast, in the second class
of approaches the solvent structure itself is considered to be at
the origin of co-nonsolvency. Zhang and Wu suggested that
the co-nonsolvency behavior is due to the formation of wa-
ter/methanol complexes that are poor solvents for PNiPAM.5
Solubility of PNiPAM is then only given as long as there are
sufficient free water or methanol molecules available for the
hydration of PNiPAM; at stoichiometric compositions where
all solvent molecules are involved in complexes PNiPAM is
insoluble. Hao et al. studying the co-nonsolvency of PNiPAM
in water/tetrahydrofuran mixtures again proposed that fluctu-
ations in solvent composition would impact the solubility of
PNiPAM; at the solvent composition where these fluctuations
are largest PNiPAM would become insoluble.6
The experimental evidence shown in this work denotes that
the solvent state is indeed determining the phase behavior of
PNiPAM in water-rich environments. However, instead of be-
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Fig. 1 Co-nonsolvency effect and re-entrant coil-to-globule-to-
coil transition of PNiPAM in water/methanol mixtures observed at
a fixed temperature of T = 20 ◦C. Upper panel: Phase behav-
ior of a linear PNiPAM with viscosity averaged molecular weight
Mv = 39 000 g/mol at a concentration of c = 10−2 g/ml as a func-
tion of methanol molar fraction XMeOH. Lower panel: Dependence
of the radius of gyration Rg of linear PNiPAM on XMeOH adapted
from data obtained by Zhang and Wu. 5
ing controlled by the solvent structure we show that it is the
energetic state of the solvent that is the determining parame-
ter. We expose how such control by the solvent energetics im-
plies that hydrophobic hydration is the predominant contribu-
tion controlling the phase behavior of PNiPAM in water-rich
environments, the addition of alcohol to water gradually sup-
pressing hydrophobic hydration. By contrast, in alcohol-rich
environments the phase behavior of PNiPAM is governed by
the classical polymer contributions to solution thermodynam-
ics. The solvent-PNiPAM interactions are here largely non-
specific and the addition of water to alcohol worsens the sol-
vent quality. Because adding alcohol to water suppresses hy-
drophobic hydration and adding water to alcohol worsens the
solvent quality there is a range in solvent compositions where
PNiPAM is essentially insoluble, which accounts for the co-
nonsolvency behavior of PNiPAM in water/alcohol mixtures.
2 Experimental
For our experiments we use both linear PNiPAM and PNi-
PAM microgels. The linear PNiPAM systems are purchased
from Polymer Source Inc. and have differing viscosity av-
eraged molecular weights Mv and polydispersities Mw/Mn,
Mw and Mn denoting respectively the weight and number av-
eraged molecular weights: PNiPAM 1 Mv = 39 000 g/mol
and Mw/Mn = 1.45; PNiPAM 2 Mv = 1 050 000 g/mol and
Mw/Mn = 1.4. The PNiPAM microgels are synthesized as de-
scribed by Senff and Richtering.16 Due to the use of an ionic
initiator the microgels are charged. In our studies probing the
cloud point of the microgel systems these charges are screened
by the addition of sodium thiocyanate, where we set the salt
concentration to 0.03 M. In our studies probing the microgel
dimensions we use solutions of PNiPAM microgels without
added salt. The charged groups on the microgels provide suf-
ficient electrostatic repulsion to prevent aggregation, which
enables us to determine the microgel dimensions in the fully
collapsed state without the need to use extremely low con-
centrations, as this is otherwise the case.5,17 All our samples
are prepared by mixing stock solutions of linear PNiPAM or
PNiPAM microgels in respectively pure water (Milli-Q) and
analytical grade alcohols, so to obtain the desired alcohol mo-
lar fraction X . As alcohols we use methanol, ethanol, iso-
propanol and propanol.
The critical solution temperatures Tc of our PNiPAM sam-
ples are determined in cloud point measurements. Sealed
glass tubes, containing the PNiPAM solutions, are placed in
a homemade temperature cell, where the temperature can be
controlled in a range of -20 ◦C to 60 ◦C with a precision of
0.1 ◦C. After a first approximate assessment of Tc using a fast
temperature ramp we approach the critical temperatures from
below or above depending on whether the transition is char-
acterized by a lower or upper critical solution temperature in
steps of 0.1 ◦C; the solutions are allowed to equilibrate for at
least 5 minutes at each temperature. The cloud point is deter-
mined by visually assessing the onset to turbidity. The critical
solution temperatures obtained in control experiments using a
commercial light scattering apparatus (ALV-5000) to measure
the cloud point as the onset to a large scattering intensity are
consistent with those determined visually.
The temperature-dependent dimensions of PNiPAM are
characterized in static light scattering experiments. To fa-
cilitate our studies we mostly characterize the dimensions of
the PNiPAM microgels; these have a significantly larger scat-
tering cross section than linear PNiPAM systems, such that
the angular dependent scattering intensity can be determined
with a higher accuracy. The angular dependent scattering in-
tensity, I(q), is determined over a range of scattering wave
vectors of q = 8µm−1 to q = 30 µm−1, and the radius of
gyration Rg is determined by using the Guinier approxima-
tion I(q) = exp
{
- 13q
2Rg
2
}
.18 Several studies revealed that
the cross-linking density of PNiPAM microgels is inhomo-
geneous, the structure of the microgel being reasonably de-
scribed as core-shell particles.19–21 The radius of gyration is
here mainly a measure of the dimensions of the highly cross-
linked core of the microgel, while the hydrodynamic radius,
measured in dynamic light scattering experiments, is a mea-
sure of the overall dimensions of the microgels including the
shell.16 We here consider the radius of gyration probing the
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almost evenly crosslinked core rather than the hydrodynamic
radius to avoid possible artefacts due to the inhomogeneity of
the microgels.
3 Results and discussion
Though the phenomenon of co-nonsolvency is rather rare in
the general context of polymer solutions, for PNiPAM co-
nonsolvency is ubiquitous and can be observed in various
mixtures of water and organic solvents.2–4,6 In these mixtures
the re-entrance is characterized by either a lower critical so-
lution temperature (LCST) or an upper critical solution tem-
perature (UCST), while the transitions to globular and phase
separated states observed in water-rich environments are al-
ways characterized by a LCST. As representative examples
of these two classes of re-entrant behavior we here investi-
gate the phase behavior of PNiPAM in water/methanol and
water/ethanol mixtures in more detail. The re-entrance transi-
tion in water/methanol mixtures is characterized by a LCST,2,3
while the re-entrance transition in water/ethanol mixtures is
characterized by an UCST.4
To understand whether these differences in the re-entrant
behavior denote different solvation mechanisms for PNiPAM
in respectively water/methanol and water/ethanol mixtures we
investigate the critical solution temperatures Tc of different
PNiPAM systems in both solvent mixtures as a function of al-
cohol molar fractionX . In particular, we explore the impact of
PNiPAM concentration and molecular weight, as well as the
effect of PNiPAM architecture on the X-dependence of Tc,
by investigating the phase behavior of both linear PNiPAM
and PNiPAM microgels. Upon addition of small amounts
of alcohol the LCST of the PNiPAM solutions initially de-
creases in both solvent mixtures, as shown in Fig. 2(a) and
(b). However, the most striking feature of the phase be-
havior of PNiPAM at low X is that Tc is essentially inde-
pendent of concentration, molecular weight and architecture;
this is evidenced by the almost perfect collapse of the four
datasets, corresponding respectively to solutions of PNiPAM
1 (Mv = 39 000 g/mol) at concentrations of c = 2·10−3 g/ml
and c = 10−2 g/ml, PNiPAM 2 (Mv = 1 050 000 g/mol) at a
concentration of c = 10−2 g/ml and PNiPAM microgels at a
concentration of c = 8·10−4 g/ml.
By contrast, in the re-entrant range of X , at larger X , the
critical solution temperatures depend on all three parameters:
PNiPAM concentration, molecular weight and architecture.
This range of X also defines the phase space where the de-
velopment of the critical solution temperatures is qualitatively
different for respectively water/methanol and water/ethanol
mixtures. In water/methanol mixtures the LCST goes through
a minimum and then increases again. In water/ethanol mix-
tures the LCST seemingly diverges to minus infinity at some
critical solvent composition; beyond that composition there is
a range of X where PNiPAM is insoluble in the whole ex-
perimentally accessible temperature range of -20 to 60 ◦C; at
even larger X PNiPAM is then again soluble, this re-entrance
being characterized by an UCST. Despite the differences in
the type of critical solution temperature defining the re-entrant
boundary, the re-entrance in both alcohol mixtures has a com-
mon characteristic, namely that the position of the boundary
is a function of PNiPAM concentration and molecular weight,
as well as PNiPAM architecture. Such emergence of a de-
pendence of Tc on PNiPAM characteristics at larger X sug-
gests that the re-entrance has a common origin independent of
whether we observe a LCST or UCST transition.
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Fig. 2 (a, b) Critical solution temperatures Tc of PNiPAM solu-
tions in (a) water/methanol mixtures and (b) water/ethanol mixtures
as a function of the alcohol molar fraction X . Full and open sym-
bols denote respectively LCST and UCST. Black squares denote the
critical solution temperatures of PNiPAM 1 (Mv = 39 000 g/mol)
at c = 10−2 g/ml, red circles that of PNiPAM 1 at c = 2·10−3 g/ml,
blue triangles up that of PNiPAM 2 (Mv = 1 050 000 g/mol) at
c = 10−2 g/ml and orange triangles down that of PNiPAM microgels
at c = 8·104 g/ml. The solid lines correspond to approximations by
Tc(X) = Tc(0)
(
1- X
X∗
)
α with α = 0.07 and Tc(0) = 305 K for both
solvent mixtures and with X*MeOH = 0.32 and X*EtOH = 0.15 for
water/methanol and water/ethanol mixtures respectively. (c, d) Data
obtained by Lama and Lu. 22 Excess enthalpy of mixing, ∆HE, of (c)
water/methanol mixtures and (d) water/ethanol mixtures as measured
at T = 25 ◦C. The continuous lines are guides to the eye. The solvent
compositions X* at which ∆HE exhibits a minimum are indicated
by vertical dashed lines. Though the magnitude of ∆HE is a function
of temperature, X* is independent of T . 27
The differences in the dependence of Tc on PNiPAM char-
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acteristics at respectively low and high X suggest a parti-
tioning of phase space in two distinct regimes: a low X-
regime where the classical mixing contributions to polymer
solution thermodynamics are almost irrelevant for the phase
behavior of PNiPAM, and a high X-regime where these con-
tributions impact the phase behavior of PNiPAM. Indeed, in
classical polymer solutions the phase behavior is strongly de-
termined by the entropy of mixing ∆Sm, which depends on
the volume fractions of the solvent and the polymer, φ1 and
φ2, and on the constraints set by the polymer conformation,
i.e. the degree of polymerization N for linear polymers;
∆Sm = -kB[φ1 ln φ1 + (φ2/N ) ln φ2], with kB the Boltzmann
constant.
The dependence of Tc on PNiPAM molecular weight and
concentration observed at high X in both water/methanol and
water/ethanol mixtures is thus consistent with the behavior
expected for classical polymer solutions; it indicates that the
mixing entropy is here a significant contribution for the phase
behavior of PNiPAM solutions. This applies to both type of
transitions, the LCST transitions observed for PNiPAM so-
lutions in water/methanol mixtures and the UCST transitions
observed for PNiPAM solutions in water/ethanol mixtures.
UCST transitions are those most commonly observed; they are
due to the gain in mixing entropy that outplays the enthalpic
contributions at high enough temperatures.23 LCST transi-
tions are rarer and somewhat less well understood within the
context of classical polymer solutions; they can be assigned to
a gain in free volume for the smaller solvent molecules upon
phase separation that dominates over the loss in mixing en-
tropy at higher temperatures.24–26 This can be understood by
considering that polymers have on themselves a smaller free
volume than lower molecular mass compounds, such that the
mixing of both effectively entails a loss of free volume for the
lower molecular mass compound, i.e. the solvent molecules.
In fact, the phase space of classical polymer solutions is gen-
erally considered to be characterized by both type of transi-
tions, where LCST>UCST.24–26 The difference in the type of
transition observed at larger X indicates that our experimen-
tal temperature window covers the LCST-range of phase space
for PNiPAM in water/methanol mixtures, while we probe the
UCST-range for PNiPAM in water/ethanol mixtures. In both
cases the phase behavior of PNiPAM qualitatively agrees with
that expected for classical polymer solutions, which indicates
that the solvent-polymer interactions are here essentially non-
specific, such that the concept of solvent quality applies.23 The
dependence of the critical solution temperatures with increas-
ing X can here be interpreted as that the solvent quality in-
creases with increasing X . Indeed, both the increase of the
LCST with increasing XMeOH and the decrease of the UCST
with increasing XEtOH indicate that the phase space for ho-
mogeneous solutions widens with increasing X . In fact, the
physics is here more properly captured by considering the be-
havior reversely: alcohols are good solvents for PNiPAM and
the addition of water to alcohol worsens the solvent quality,
as defined for classical solutions, where the solvent-polymer
interactions are nonspecific.
In fact, the solubility of PNiPAM at low X is not due to
a good solvent quality in the classical sense, but to a funda-
mentally different mechanism driving the phase behavior of
PNiPAM solutions in water-rich environments.27 This mecha-
nism is hydrophobic hydration, which can be understood as
a pure solvent problem; the formation of a hydration shell
around hydrophobic entities is enthalpically favorable for wa-
ter at the cost of being entropically unfavorable.28–30 Upon in-
creasing the temperature the entropic gain obtained by releas-
ing the water molecules from the hydration shell drives phase
separation, which naturally leads to a LCST transition. First
evidence that hydrophobic hydration is the prevailing contri-
bution governing the LCST behavior of PNiPAM at low X
is the independence of the LCST on PNiPAM concentration,
molecular weight and architecture. Indeed, considering the
contributions of hydrophobic hydration to solution thermody-
namics as being solely set by whether or not the presence of
PNiPAM is favorable to the energetic state of water,28,29,31–33
we do not expect the phase transition temperatures to depend
on the polymer contributions that usually govern the phase be-
havior of classical polymer solutions, consistent with the ob-
served behavior.
The impact of adding small amounts of alcohol to aqueous
solutions of PNiPAM can be understood within the concept
of the kosmotropic effect.27 Indeed, alcohols are known to be
kosmotropic agents, agents that are presumed to strengthen the
hydrogen-bonded network of water without disrupting it.34,35
As the water enthalpy decreases upon addition of alcohol, the
gain for water to form a hydration shell around PNiPAM de-
creases. This leads to a decrease of the LCST with increas-
ing X , as the gain in water entropy upon release of the water
molecules from the hydration shell dominates at lower tem-
perature. That this scenario accounts for the phase behavior
of PNiPAM in the low X-regime can be inferred from di-
rect correlations between the excess enthalpy of mixing of the
water/alcohol mixtures and the development of the LCST of
PNiPAM in these mixtures. As shown in Fig. 2(c) and (d), the
excess enthalpy of mixing ∆HE of the water/alcohol mixtures
exhibits a minimum at a given solvent compositionX*.22 This
composition is larger for the water/methanol mixtures than for
the water/ethanol mixtures, reminiscent of the development of
the LCST of the PNiPAM solutions with X: the LCST de-
creases more slowly with X for PNiPAM in water/methanol
mixtures than for PNiPAM in water/ethanol mixtures. In fact,
usingX* to approximate the initial decrease of the LCST with
a critical-like function of the form Tc(X) = Tc(0)
(
1- XX∗
)
α
yields a reasonable description of the data in the low X-
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regime, as shown in Fig. 2(a) and (b). Such correlation be-
tween thermodynamic characteristics of the solvent mixture
and the PNiPAM solution in these mixtures is found for PNi-
PAM solutions in other aqueous mixtures containing organic
solutes that belong to the class of kosmotropes.27 This denotes
the energetic state of water as key parameter controlling the
phase behavior of PNiPAM at low X , consistent with the no-
tion that hydrophobic hydration is the determining contribu-
tion in the low X-regime. Indeed, our findings can be consid-
ered as an experimental proof of the validity of the concepts
used in two-state models, where solely the difference in en-
ergy between bulk water and the water forming a hydration
shell around a hydrophobic entity (shell water) is considered
relevant for the description of hydrophobic hydration.31–33
Within this framework the solvent compositionX* at which
∆HE becomes minimal denotes the solvent composition at
which the presence of kosmotropes fully optimizes the ener-
getic state of bulk water, such that the difference between bulk
and shell water becomes zero. Indeed, previous experiments
probing the enthalpy change ∆HE associated with the LCST
transition of PNiPAM solutions in the low X-regime revealed
that the decrease of the LCST with increasing X correlates
with a decrease of ∆HE,2,27 the extrapolation of ∆HE to zero
effectively denoting X* as the limit to hydrophobic hydra-
tion.27
Thus, while in the high X-regime an increase in the wa-
ter content leads to a decrease in the solubility of PNiPAM
due to a decrease in the solvent quality, in the low X-regime
an increase in alcohol content leads to a decrease in the gain
for water to form a hydration shell around the hydrophobic
groups of PNiPAM due to the kosmotropic effect. Because
of these opposing trends PNiPAM is insoluble at intermediate
X , which accounts for the observed co-nonsolvency behav-
ior. However, the composition at which we observe the tran-
sition between the hydrophobic hydration determined regime
and the regime where the classical mixing contributions pre-
vail is not uniquely defined. This transition will sensitively
depend on the range of X , where a given PNiPAM system
still forms a homogeneous solution due to the classical mixing
contributions, which in turn depends on the PNiPAM concen-
tration, molecular weight36 and architecture.
To explore how the distinct solvation mechanisms impact
the coil-to-globule-to-coil transition or respectively the vol-
ume phase transition of PNiPAM microgels we investigate the
dimensions of the PNiPAM microgels as a function of X in
more detail. Our choice of system is here motivated by the
fact that PNiPAM microgels are colloidally stable in the col-
lapsed phase, due to charged groups that are introduced by the
charged initiator used in the synthesis of these systems (see
experimental section). Additional experiments probing the di-
mensions of linear PNiPAM below the LCST or respectively
above the UCST are shown in the supporting information. The
trend observed in the re-entrant volume transitions of micro-
gels is broadly consistent with the coil-to-globule-to-coil tran-
sition observed for linear PNiPAM.5 At a fixed temperature of
T = 12.5 ◦C an increase in the alcohol molar fraction initially
induces a decrease in the radius of gyration Rg of the micro-
gels, as shown in Fig. 3(a). This decrease is then followed by
an increase, where Rg eventually reaches a final value that is
slightly below that of the microgel in pure water.
0.0 0.2 0.4 0.6 0.8 1.0
40
60
80
100
R g
  [
nm
]
X
10
10 20 30 40
T! ! "#$%
10 20 30 40
40
60
80
100
R g
  [
nm
]
T! ! "#$%
25 20 15 10 5 0 -5 -10
40
60
80
100
!T! ! "#$%
R g
  [
nm
]
(a)
(b) (c)
(d)
Fig. 3 Radius of gyration Rg of PNiPAM microgels at a concentra-
tion of c = 2.4·10−6 g/ml. (a) Dependence ofRg on the alcohol molar
fraction X at a fixed temperature of T = 12.5 ◦C for water/methanol
mixtures (black pluses) and water/ethanol mixtures (red crosses). (b)
Temperature dependence of Rg in the low X-regime: X = 0 (blue
triangles), XMeOH = 0.08 (black squares) and XEtOH = 0.06 (red
circles). PNiPAM exhibits a coil-to-globule transition that coincides
with the LCST, which is denoted by arrows. (c) Temperature depen-
dence of Rg in the high X-regime: XMeOH = 0.37 (black squares)
and XEtOH = 0.275 (red circles). The arrows indicate the critical so-
lution temperatures, corresponding to a LCST forXMeOH = 0.37 and
to an UCST for XEtOH = 0.275. Dotted black and red lines denote
respectively the magnitudes of the microgel radii in pure methanol
and ethanol. (d) Reporting Rg as a function of the reduced tempera-
ture ∆T = Tc-T collapses all data obtained for X < X*. As in (a)
the black pluses and red crosses denote the data obtained at a fixed
temperature of T = 12.5 ◦C and varyingX . As in (b) the full symbols
denote the data obtained at fixed X and varying temperatures.
To assess how the set temperature affects the observed be-
havior we determine the temperature dependence of the micro-
gel dimensions at some fixed solvent compositions, selecting
systems for which the critical solution temperature is conve-
niently accessed in experiments. As examples of systems with
X < X* we investigate X = 0 (Tc = 33.0 ◦C), XMeOH = 0.08
(Tc = 26.2 ◦C), XEtOH = 0.06 (Tc = 22.4 ◦C); representa-
tive of systems with X > X* we investigate XMeOH = 0.37
(Tc = 27.5 ◦C) and XEtOH = 0.275 (Tc = 29.5 ◦C). Remark-
ably, while the dimensions of the systems with X < X* ex-
hibit a strong temperature dependence upon approach of Tc,
the dimensions of the systems with X > X* are temperature
independent across the phase separation boundary, as shown
in respectively Fig. 3(b) and (c); the critical solution tempera-
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tures characterizing the boundary to phase separated states are
here indicated by arrows.
In the lowX-regime the functional development ofRg with
T is similar to that in pure water. Far enough from the LCST
the PNiPAM dimensions are almost independent of T . Upon
increasing the temperature Rg decreases, exhibiting dimen-
sions that are governed by the relative distance of the temper-
ature to the LCST, ∆T = Tc-T . This becomes most evident
when reporting Rg as a function of ∆T . As shown in Fig.
3(d), all data obtained for X < X* including those shown in
Fig. 3(a) and (b) collapse to a unique master curve. Deviations
from the master curve are only observed for solvent composi-
tions very near to X*. This collapse shows that in the low
X-regime the development of the dimensions with X or T are
uniquely set by ∆T . Within the context of hydrophobic hydra-
tion our findings effectively denote that the hydration shell of
PNiPAM remains unaffected by the addition of small amounts
of alcohols; the dimensions of PNiPAM are essentially inde-
pendent ofX for T << LCST. For a fixed T solely the shift in
the LCST leads to a decrease in the dimension with increasing
X .
It is worth emphasizing that the coil-to-globule transition
temperatures of linear PNiPAM or respectively the volume
phase transition temperature of PNiPAM microgels, denot-
ing the transition from a swollen state at low temperature to
a collapsed state at high temperature, always coincide with
the phase separation transition temperatures Tc in the low
X-regime. Such coincidence is not generally expected. In
classical polymer solutions Tc is a function of the polymer
concentration, while the coil-to-globule transition temperature
Tc−g is fixed, Tc−g and Tc−g therefore do not normally coin-
cide.23,37 The coincidence observed here effectively reflects
the same physics as the independence of Tc on PNiPAM con-
centration, molecular weight and architecture; namely that the
entropic contributions of the polymer are basically irrelevant
for the phase behavior of PNiPAM in water-rich environments,
the phase behavior being instead governed by the enthalpic
gain for water to hydrate the hydrophobic groups of PNiPAM.
In the high X-regime, where we consider the solvent-
PNiPAM interactions to be nonspecific, it is tempting to as-
sign the increase in the PNiPAM dimensions with increas-
ing X to the increase in solvent quality inferred from the
X-dependence of the LCST and UCST. However, the com-
plete independence of the PNiPAM dimensions on tempera-
ture across the phase separation boundary is somewhat sur-
prising. As shown in the supporting information, this inde-
pendence is robust and can be found for linear PNiPAM as
well. Indeed, though we do not expect the coil-to-globule tran-
sition temperatures to directly coincide with the phase tran-
sition temperatures in the high X-regime, our temperature
scans around Tc are quite wide and our findings seemingly
indicate that there is no coil-to-globule transition at all within
the range of Tc. This is consistent with recent experiments
probing the conformation of linear PNiPAM in time-resolved
anisotropy measurement; there the segmental mobility of the
chain was found to exhibit a strong decrease at Tc for PNi-
PAM in the low X-regime, while it remained constant across
the phase separation boundary for PNiPAM in the high X-
regime. This indicates that PNiPAM does not exhibit any
coil-to-globule transition near Tc in the high X-regime.38 To
date we do not have a conclusive explanation for this behav-
ior. Nonetheless, let us here emphasize that the emergence of
temperature-independent dimensions in the re-entrant range of
X is independent of whether the re-entrance is characterized
by a LCST or an UCST. This corroborates that the origin of the
re-entrance is common in solvent mixtures exhibiting either
type of reentrance and precludes models accounting for the
co-nonsolvency of PNiPAM exclusively for re-entrant transi-
tions that are characterized by a LCST.5,8,9,15
Finally, it is worth stressing that the re-entrant globule-to-
coil transition observed in the high X-regime is of very differ-
ent nature than the coil-to-globule transition observed at low
X . While in the low X-regime Rg is set by ∆T , in the high
X-regime Rg is set by X . The development of the PNiPAM
dimensions reported in Fig. 3(a) is thus unique in the high
X-regime for a given PNiPAM system, while it depends on
the set temperature in the low X-regime. This entails that
the range of X over which PNiPAM exhibits a globular state
varies with temperature, which excludes scenarios account-
ing for the coil-to-globule-to-coil transition as being due to
the formation of water/alcohol complexes with a precise stoi-
chiometry.5
To further progress in assessing the parameters govern-
ing the phase behavior of PNiPAM in respectively the low
and high X-regime we take advantage of our investigations
probing the critical solution temperatures and PNiPAM di-
mensions in different solvent mixtures. In Fig. 4 we re-
port the dependences of Tc and Rg on solvent composition
including data obtained for PNiPAM in water/isopropanol
and water/propanol mixtures. In these solvent systems the
co-nonsolvency behavior is qualitatively similar to that of
PNiPAM in water/ethanol; the re-entrance is characterized by
an UCST behavior. Remarkably, reporting Tc and Rg as a
function of X/X* leads to an almost prefect collapse of all
data sets in the low X-regime, while the off-shift between the
different data sets in the highX-regime becomes more signifi-
cant, as shown in respectively Figure 4(b) and (e). By contrast,
reporting the data as a function of the alcohol volume fraction
φa leads to a reasonable collapse of all data in the high X-
regime, while off-shifting the data in the low X-regime, as
shown in respectively Fig. 4(c) and (f).
To understand the scaling with X* in the low X-regime let
us recall that X* defines the solvent composition at which the
excess mixing enthalpy of the water/alcohol mixtures exhibits
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Fig. 4 (a-c) Dependence of the critical solution temperature Tc
on solvent composition for a fixed concentration and molecular
weight of a linear PNiPAM, c = 10−2 g/ml and Mv = 39 000 g/mol
(PNiPAM 1). The solvent mixtures are water/methanol (black
squares), water/ethanol (red circles), water/isopropanol (purple tri-
angles up) and water/propanol mixtures (blue triangles down). Full
and open symbols denote respectively LCST and UCST. (d-f) Depen-
dence of PNiPAM microgel dimensions on solvent composition at a
fixed temperature of T = 12.5 ◦C in water/methanol (black pluses)
and water/ethanol mixtures (red crosses). For both series of experi-
ments reporting the data as a function of X/X* leads to a collapse of
the different data sets in the low X-regime, while reporting the data
as a function of φa leads to a collapse of the different data sets in the
high X-regime.
a minimum independent of temperature: X*MeOH = 0.32,
X*EtOH = 0.15, X*IsoPrOH = 0.10 and X*PrOH = 0.07.22,27
The scaling of the LCST with X/X* obtained for all wa-
ter/alcohol systems under investigation clearly shows that the
phase behavior of PNiPAM is controlled by the energetic state
of the solvent. Considering that in the low X-regime alcohols
solely impact the water state, X* can be taken as a gauge for
the efficiency of a given alcohol to decrease the bulk water
enthalpy; the LCST evolves relative to the composition X* at
which the water enthalpy becomes minimal. The scaling of the
LCST with X/X* directly infers that Rg scales with X/X*;
because in the low X-regime the PNiPAM dimensions are a
function of ∆T = Tc-T and Tc is a function of X/X*, the
PNiPAM dimension obtained at a fixed T scales with X/X*,
consistent with the scaling behavior observed in Fig. 4(e).
The scaling of the critical solution temperatures with the
alcohol volume fraction φa in the high X-regime can be
understood within the Flory-Huggins theory of ternary mix-
tures,39? ,40 if we assume that the solvent quality does not vary
much from one alcohol to another. Let us note that all data
reported in Fig. 4(a-c) are obtained for a given PNiPAM sys-
tem at a fixed concentration, PNiPAM 1 (Mv = 39 000 g/mol)
and c = 10−2 g/ml. Thus, the polymer volume fraction and
molecular weight are fixed. Under the assumption that the
geometry and size of the alcohols do not significantly alter
the Flory-Huggins parameter that accounts for the PNiPAM-
alcohol interactions the volume fraction of alcohol is then the
only variable in the experiment, consistent with the observed
scaling behavior. To evaluate whether such assumption is rea-
sonable we consider the surface tensions between air and the
different alcohols as a measure of the interactions between
PNiPAM and the alcohols. Indeed, for the alcohols considered
here the surface tensions are almost identical.41 Further sup-
porting that the PNiPAM-alcohol interactions do not strongly
depend on the alcohol used we find that the microgel dimen-
sions are identical in pure methanol, ethanol, isopropanol and
propanol. Thus, the scaling with φa obtained for a given PNi-
PAM molecular weight and concentration effectively corrob-
orates that the solvent-PNIPAM interactions are largely non-
specific in the high X-regime, such that the phase behavior of
PNiPAM at high X can be explained within the frame of clas-
sical polymer solution models, where the volume fractions of
respectively water, alcohol and PNiPAM are relevant parame-
ters.39,40
4 Conclusions
Our investigations probing the phase behavior of PNiPAM in
different water/alcohol mixtures show that the phenomenon of
co-nonsolvency and the related coil-to-globule-to-coil transi-
tion observed for PNiPAM in water/alcohol mixtures are due
to two distinct mechanisms governing the phase behavior of
PNiPAM in respectively water-rich and alcohol-rich environ-
ments.
The phase behavior of PNiPAM in water-rich environments
is predominantly controlled by hydrophobic hydration, which
in turn is governed by the enthalpy difference between bulk
water and the water forming a hydration shell around the hy-
drophobic groups of PNiPAM.27 Adding alcohol to water de-
creases the enthalpy of the bulk water due to the kosmotropic
effect. This leads to a decrease in the enthalpy difference be-
tween bulk and shell water, which eventually vanishes at the
solvent composition where the bulk water enthalpy is mini-
mal.27 This condition sets a well-defined limit to hydrophobic
hydration.
In the alcohol-rich regime the phase behavior of PNiPAM is
set by the classical mixing contributions to the thermodynam-
ics of polymer solutions,23 independent of whether the bound-
ary to phase separation is characterized by a lower or upper
critical solution temperature. The solvent-PNiPAM interac-
tions are here to be considered as nonspecific; alcohols are
good solvents for PNiPAM and in the context of nonspecific
interactions the addition of water to alcohol worsens the sol-
vent quality. This eventually leads to phase separation when a
certain water content is exceeded.
Because an increase in alcohol content both suppresses
hydrophobic hydration and increases the solvent quality,
7
PNiPAM exhibits the phenomenon of co-nonsolvency in wa-
ter/alcohol mixtures. Let us note that this scenario implies
that co-nonsolvency should be regarded as a coarse grained
phenomenon, where the detailed configuration of the solvent
around the polymer13,14,42 is less important than the mean en-
ergetics of the solvent and the solution in respectively the low
and highX-regime. Since the effects of water-mediated solva-
tion and mixing-determined solvation are not specific to PNi-
PAM in water/alcohol mixtures, we expect that this scenario
also accounts for the co-nonsolvency of other amphiphilic
polymers in binary solvent mixtures where one of the com-
ponents is water. We hope that the conceptual framework pro-
posed in this paper will stimulate the development of theoret-
ical descriptions that combine the concepts used to describe
hydrophobic hydration in terms of a two-state problem31–33
with those used to describe polymer solutions in binary fluid
mixtures39,40 to quantitatively account for the co-nonsolvency
phenomenon.
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